In Japanese populations of the pea aphid Acyrthosiphon pisum, four types of facultative endosymbiotic bacteria, Serratia symbiotica, Regiella insecticola, Rickettsia sp. and Spiroplasma sp., have been identified in addition to the essential endosymbiont Buchnera aphidicola. On the vetch Vicia sativa and other leguminous plants, Aphis craccivora, Megoura crassicauda and A. pisum frequently co-occur and form mixed colonies. In this study, the endosymbiotic microbiotae in A. craccivora and M. crassicauda collected from different localities in Japan were investigated in comparison with the endosymbiotic microbiotae in sympatric samples of A. pisum. While the A. pisum samples frequently contained one or more of the four symbionts, the A. craccivora samples were infected with only Serratia and the M. crassicauda samples contained none of the facultative symbionts. When the four symbionts were artificially transferred from A. pisum to M. crassicauda by hemolymph injection, Regiella and Spiroplasma established heritable infections in the novel host while Serratia and Rickettsia did not. The Regiella infection in M. crassicauda was stably maintained with 100% fidelity for over 50 generations, whereas the Spiroplasma infection was unstable. On the basis of these results, we discussed the possible mechanisms whereby the different infection patterns with the facultative symbionts are maintained in the sympatric aphid communities.
INTRODUCTION
Among a wide array of symbioses, the relationships between aphids and their bacterial endosymbionts are particularly well characterized. Almost all of 4,400 aphid species possess an intracellular symbiotic bacterium, Buchnera aphidicola, in the cytoplasm of mycetocytes (or bacteriocytes), hypertrophied cells specialized for endosymbiosis (Buchner, 1965; Douglas, 1989 Douglas, , 1998 . Since Buchnera provides essential amino acids and other nutrients that are scarce in the plant sap diet (Douglas, 1989 (Douglas, , 1998 , deprivation of the symbiont by antibiotic or heat treatment results in retarded growth, sterility and/or death of the host aphids (Houk and Griffiths, 1980; Ohtaka and Ishikawa, 1991) . Phylogenetically, Buchnera constitute a monophyletic group in the g-subdivision of the Proteobacteria (Munson et al., 1991) . The evolutionary origin of the endosymbiotic association is believed to be ancient. Namely, Buchnera inhabiting various aphid species descended from a bacterium that was acquired by the common ancestor of extant aphids, and have co-speciated with their hosts (Moran et al., 1993) . Because of the ubiquity and importance for the host aphids, Buchnera is often referred to as the primary symbiont of aphids.
In addition to the primary symbiont Buchnera, many aphids harbor different types of vertically transmitted endosymbiotic bacteria, which are collectively referred to as secondary symbionts (Ssymbionts) (Buchner, 1965; Ishikawa, 1993, 1998; Tsuchida et al., 2002) . Thus far, several types of S-symbionts have been genetically identified from diverse aphid lineages. Three types of g-proteobacterial S-symbionts, Serratia symbiotica (also referred to as PASS or R-type), Hamiltonella defensa (PABS or T-type) and Regiella insecticola (PAUS or U-type), have been identified from various aphid species on the basis of their gene sequences (Darby et al., 2001; Sandström et al., 2001; Haynes et al., 2003; Russell et al., 2003; Moran et al., 2005; Tsuchida et al., 2005) . Other S-symbionts, such as Rickettsia, Spiroplasma, YSMS, V-type and Wolbachia, were also reported from particular aphid species (Chen et al., 1996; Fukatsu, 2001; Fukatsu et al., 2001; Russell et al., 2003; Gómez-Valero et al., 2004) . It is thought that the S-symbionts of aphids are polyphyletic and of recent evolutionary origins. The phylogenies of the S-symbionts generally do not reflect the systematics of their host aphids, indicating that occasional horizontal transfers of the S-symbionts must have occurred across aphid lineages over evolutionary time (Sandström et al., 2001; Russell et al., 2003; Tsuchida et al., 2005) .
Recent studies have demonstrated that some facultative S-symbionts substantially affect the fitness of their host aphids in particular ecological contexts (Chen and Purcell, 1997; Chen et al., 2000; Montllor et al., 2002; Koga et al., 2003; Oliver et al., 2003; Tsuchida et al., 2004) , where the pea aphid Acyrthosiphon pisum has been investigated as a model organism (Tsuchida et al., 2002; Simon et al., 2003) . In Japan, A. pisum is commonly found on the vetch Vicia sativa and the white clover Trifolium repens, and harbors four types of facultative S-symbionts, Serratia, Regiella, Rickettsia and Spiroplasma, at different infection frequencies (Tsuchida et al., 2002 (Tsuchida et al., , 2004 . On V. sativa and other leguminous plants, Aphis craccivora and Megoura crassicauda are also commonly found. The three aphid species frequently occur on the same plants and form mixed colonies. It is of great interest to know the occurrence and host range of the S-symbionts in the sympatric aphid communities on the same host plants, because the information would provide insight into the mechanisms for establishment and maintenance of the endosymbiotic associations in natural population.
In this study, we investigated the endosymbiotic microbiotae in the two aphid species, A. craccivora and M. crassicauda, occurring with A. pisum on the same leguminous plants. We also attempted inter-specific artificial transfer of the S-symbionts from A. pisum to M. crassicauda.
MATERIALS AND METHODS

Symbionts.
In this paper, we adopted the names Serratia symbiotica, Regiella insecticola, Hamiltonella defensa (designated by Moran et al., 2005) , Rickettsia and Spiroplasma for the secondary symbionts of the aphids. The former three symbionts in A. pisum were also referred to as PASS, PAUS, PABS, respectively, in previous studies (Tsuchida et al., 2002; Simon et al., 2003) . The term, secondary symbiont (S-symbiont), was used as a collective name. These symbionts exhibit similar localization in vivo: in sheath cells, secondary mycetocytes and hemolymph Sandström et al., 2001; Koga et al., 2003; Oliver et al., 2003; Sakurai et al., 2005; Tsuchida et al., 2005) .
Insect materials. Field-collected samples of A. craccivora and M. crassicauda are listed in Table  1 . These aphids were collected from 19 localities (17 localities for M. crassicauda and nine localities for A. craccivora) covering central and southern regions of the mainland Japan (Fig. 1) . The data of A. pisum from nine localities were taken from Tsuchida et al. (2002) . At least four quadrants (around 1 mϫ1 m) were set to contain a thick growth of host plants, from which these aphids were collected simultaneously. The samples were immediately preserved in acetone for molecular analysis (Fukatsu, 1999 ). An isofemale strain of M. crassicauda, HGm, was collected from V. sativa at Hongo, Tokyo in 1999, and has been maintained in the laboratory on seedlings of the broad bean, Vicia faba, at 20°C in a long day regime, 16 h light-8 h dark. Strains of A. pisum, IS, TUt, MD, and OY, were collected as described Tsuchida et al., 2002 Tsuchida et al., , 2004 , and have been maintained in the same way.
Specific PCR detection of symbiotic bacteria. The samples were subjected to DNA extraction using a conventional proteinase K digestion and phenol extraction method. Up to ten aphids were pooled and collectively extracted. The purified DNA was dissolved in an adequate volume of TE buffer (10 mM Tris-HCl [pH 8.0], 0.1 mM EDTA). For detection of endosymbiotic bacteria, diagnostic PCR analysis was conducted using the specific primers (Table 2) . It has been shown that each of these primer sets is able to detect not only the Ssymbiont from A. pisum but also allied S-sym-bionts from diverse and extant aphid species. PCR reactions were conducted by using AmpliTaq Gold DNA polymerase (Roche, Basel) and its supplemented buffer system as described (Tsuchida et al., 2002) , under a temperature profile of 95°C for 10 min followed by 35 cycles of 95°C for 30 sec, 55°C for 30 sec and 72°C for 1 min. Total DNA preparations from insects whose endosymbionts had been definitely identified were used as control samples for specific detection as previously described (Tsuchida et al., 2002) . Amplification was repeated at least twice for each of the samples to confirm reproducibility of the results.
DNA sequencing and phylogenetic analysis. A 1.5 kb segment of eubacterial 16S rRNA gene was amplified by using primers 16SA1 (5Ј-AGAGTTT-GATCMTGGCTCAG-3Ј) and 16SB1 (5Ј-TACGG-YTACCTTGTTACGACTT-3Ј). Cloning of the PCR products, typing of the clones by restriction fragment length polymorphism (RFLP) analysis, and DNA sequencing were conducted as previously described (Fukatsu and Nikoh, 1998; . To exclude possible PCR and sequencing errors, at least three 16S rRNA gene clones were sequenced for each of the DNA samples. A multiple alignment of 16S rRNA gene sequences was constructed by using the program package Clustal W (Thompson et al., 1994) . The final align- Tsuchida et al. (2002) . ment was inspected and corrected manually. Ambiguously aligned regions were excluded from the phylogenetic analysis. A neighbor-joining tree, with Kimura's two-parameter distance and 1,000 bootstrap resamplings, was constructed using Clustal W.
Artificial transfer of secondary symbionts by hemolymph injection. Hemolymph transfer was performed by using a microinjection technique as described ). In A. pisum, the transfer technique has been established, whereby most of injected aphids produce infected offspring by 13 d after injection Koga et al., 2003; Tsuchida et al., 2005) . Hemolymph preparations from four strains of A. pisum, which were each infected with Serratia (strain IS: , Regiella (strain TUt: Tsuchida et al., 2004) , Rickettsia (strain OY: Tsuchida et al., 2002) and Spiroplasma (strain MD: Fukatsu et al., 2001) were injected into 3 d old (second or third instar) nymphs of the M. crassicauda strain HGm that was free of the S-symbionts. Their nymphs born 11-13 d after injection were collected, and four insects per line were individually reared until their reproduction. After producing some nymphs, the adult aphids were subjected to specific PCR detection of the S-symbionts. Aphid lines whose infection was confirmed were maintained on seedlings of the broad bean, and were examined for stability and heritability of the infection.
Nucleotide sequence accession numbers. The 16S rRNA gene sequences of Serratia from A. craccivora collected at four localities were deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases under accession numbers AY822591-AY822594.
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RESULTS
Endosymbiotic microbiota in Aphis craccivora and Megoura crassicauda
In total, 165 individuals of A. craccivora from nine localities and 333 individuals of M. crassicauda from 17 localities were subjected to specific PCR detection of five S-symbionts, Serratia, Hamiltonella, Regiella, Rickettsia and Spiroplasma ( Fig. 1 and Table 1 ). The essential symbiont Buchnera was detected from all the samples examined, confirming successful preparation of the DNA samples (data not shown). In A. craccivora, only Serratia symbiont was detected at four localities (Table 1 ). In M. crassicauda, no S-symbionts were detected by using the specific PCR primers (Table  1) .
Phylogenetic analysis of Serratia symbiotica from Aphis craccivora
Around 1.5 kb segment of eubacterial 16S rRNA gene was amplified by PCR from each of the four Serratia-positive samples of A. craccivora (Table  1) , and was subjected to cloning and RFLP typing. Two RFLP types were identified among 24 clones examined, of which three clones from each of the types were sequenced. The sequences of one type were very similar to the sequences of Buchnera from diverse aphid species (data not shown). The other type, 1,464 bp in length, were very similar to each other, and exhibited high levels of similarity (95.7% [1,078/1,126]-99.8% [1,124/1,126] ) to the sequences of Serratia from various aphid species. Molecular phylogenetic analysis demonstrated that the sequences identified from the A. craccivora populations were certainly members of the clade of Serratia symbionts. The Serratia sequences from Japanese populations of A. craccivora clustered with the Serattia sequence from Spanish A. craccivora, although monophyly of the cluster was obscure due to insufficient resolution of the phylogeny. In contrast, the Serratia sequences from Japanese and American populations of A. pisum formed a distinct monophylotic group. The Serratia sequences from Japanese populations of A. craccivora did not cluster with those from Japanese populations of A. pisum (Fig. 2) .
Artificial transfer of secondary symbionts from Acyrthosiphon pisum into Megoura crassicauda
The four S-symbionts, Serratia, Regiella, Rickettsia and Spiroplasma, were artificially transferred from A. pisum to M. crassicauda by hemolymph injection. Regiella and Spiroplasma were detected in the offspring of the recipient aphids at considerable frequencies, whereas Serratia and Rickettsia were not detected at all. The Spiroplasma infection was lost in a few generations. In contrast, the Regiella infection was stably inherited through subsequent generations. To date, the infected strains have been maintained for a year through over 50 generations, and still exhibit 100% infection with Regiella (Table 3) .
DISCUSSION
The three aphid species, A. craccivora, M. crassicauda and A. pisum, co-occur on the same host plants such as V. sativa, and frequently form mixed colonies. However, the composition and diversity of their S-symbionts were strikingly different (Table 1) . At the sampling localities, four S-symbionts were detected in A. pisum: Serratia was the most frequent (7/9 localities) whereas Regiella, Rickettsia and Spiroplasma were less frequent (2/9, 1/9 and 1/9 localities, respectively). In contrast, only Serratia was found in A. craccivora (4/9 localities), and no S-symbiont was detected in M. crassicauda by the specific PCR assays (0/17 localities). These results strongly suggest that the three aphid species possess different endosymbiotic microbiota although they are found sympatrically and utilize the same host plants.
Infection frequency of a S-symbiont in an aphid population is determined by the following parameters: (i) ability of infection and proliferation in the host; (ii) fidelity of vertical transmission; (iii) frequency of horizontal transmission; and (iv) fitness effect on the host . The data presented in this study provided, although preliminarily, several inferences concerning these aspects of host-symbiont interactions in the sympatric aphid communities.
On the ground that the phylogenies of the Ssymbionts generally do not reflect the systematics of their host aphids (Sandström et al., 2001; Russell et al., 2003; Tsuchida et al., 2005) , it has been suggested that the S-symbionts have extended their host range by occasional horizontal transmissions across aphid lineages. Although the horizontal transmission routes are obscure, involvements of plant phloem sap and parasitoid wasp have been suggested Sandström et al., 2001; Darby and Douglas, 2003; Tsuchida et al., 2005) . In mixed aphid colonies on the same host plants, both the horizontal transmission routes might operate effectively, which would lead to homogenized composition and diversity of S-symbionts among the sympatric aphid species. On the contrary, however, the endosymbiotic microbiotae were strikingly different between A. craccivora, M. crassicauda and A. pisum (Table 1) , favoring the idea that such horizontal transmissions are, if they do occur, quite rare, at least for the four facultative symbionts.
Serratia symbionts of A. craccivora were genetically not identical to but slightly differentiated from those of A. pisum (Fig. 2) . Notably, the phylogenetic relationship of the Serratia symbionts did not reflect their geographic distribution (i.e. Japan 134 T. TSUCHIDA et al. or elsewhere) but agreed with their host species (i.e. A. pisum or A. craccivora) (Fig. 2) . These patterns also favor the idea of infrequent horizontal transmission of the S-symbiont between the two species, and might be suggestive of co-evolution between the host aphids and their S-symbionts. Since the Serratia symbiont is of facultative nature and thus not fixed in the host populations, the putative co-evolution cannot be based on strict vertical transmission and co-cladogenesis, which has been postulated for the aphid-Buchnera symbiosis (Moran et al., 1993) , but probably based on a sort of co-adaptation between the hosts and their symbionts.
Of course, the possibility cannot be ruled out that such horizontal transfer events are actually taking place at a considerable frequency but they are not detected because of the instability of the transferred S-symbiont in the novel host. In this context, the artificial transfer experiments provided some insights into why different patterns of S-symbiont infection were observed in the sympatric aphid species. When four S-symbionts were artificially transferred from A. pisum to M. crassicauda by hemolymph injection, Regiella and Spiroplasma established heritable infections in the novel host, while Serratia and Rickettsia did not (Table 3) . In successive generations, the Spiroplasma infection was promptly lost, whereas the Regiella infection was stably maintained with 100% fidelity for over 50 generations (Table 3 ). These results indicate that different S-symbionts may exhibit different levels of infectivity and vertical transmission efficiency in a particular host aphid, which could also contribute to the different infection patterns in the different aphid species.
In the laboratory, the artificial infection with Regiella was stably maintained in M. crassicauda (Table 3 ), which appears incompatible with the field data that Regiella and other S-symbionts were not detected in natural populations of M. crassicauda (Table 1) . It is of great interest why M. crassicauda is free of Regiella, although the aphid can potentially host the symbiont. Conceivably, the Regiella infection may be stable only in the laboratory condition, and the infection may be easily lost under harsh and fluctuating natural environments. Alternatively, the Regiella infection may confer a slight but substantial fitness cost on the novel host, and the infection may soon disappear in natural populations due to its incompetitiveness. A previous study reported that artificial transfers of Ssymbionts, Serratia and Rickettsia, from A. pisum to A. kondoi resulted in reduced fitness of the recipient species (Chen et al., 2000) . Further experiments are needed to test these possibilities.
Because of relatively limited samples and localities examined in this study, we may have failed to identify some S-symbionts that are present in natural populations of A. craccivora and M. crassicauda. Actually, Hamiltonella symbiont was detected from A. craccivora collected at Arizona, USA . The PCR detection of S-symbionts conducted in this study may occasionally produce pseudo-negative results due to primer mismatches. In this study, the PCR detection targeted only six groups of bacterial symbionts (see Table 2 ), although these aphids might also harbor other bacterial associates. Therefore, it should be noted that the diversity of S-symbionts in these aphids presented in this study is no doubt an underestimate. Recently, it has been recognized that some Ssymbionts are not mere parasites but substantially contribute to the fitness of their host aphids in particular ecological contexts. Regiella symbiont was demonstrated to improve the fecundity of A. pisum on an unsuitable host plant (Tsuchida et al., 2004) . Hamiltonella symbiont was reported to confer a resistance to parasitoid wasps on A. pisum (Oliver et al., 2003) . Serratia symbiont was shown to benefit A. pisum by conferring tolerance to heat stress (Chen et al., 2000; Montllor et al., 2002) and resistance to parasitoid attack (Oliver et al., 2003) . Furthermore, Serratia symbiont was reported to be able to partially restore the reproduction of A. pisum that was freed from the essential symbiont Buchnera (Koga et al., 2003) . Although currently unknown, S-symbionts present in populations of A. craccivora, M. crassicauda and allied aphids might play similar and other biological roles for the host aphids. To gain insights into these ecological aspects of endosymbiotic associations, fitness effects of the S-symbionts in these aphids should be investigated in various environmental conditions under controlled genetic backgrounds.
